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Addition of serum to mitogen-starved cells activates the cellular immediate-early gene (IEG) response.
Serum response factor (SRF) contributes to such mitogen-stimulated transcriptional induction of many IEGs
during the G0-G1 cell cycle transition. SRF is also believed to be essential for cell cycle progression, as
impairment of SRF activity by specific antisera or antisense RNA has previously been shown to block
mammalian cell proliferation. In contrast, Srf2/2 mouse embryos grow and develop up to E6.0. Using the
embryonic stem (ES) cell system, we demonstrate here that wild-type ES cells do not undergo complete cell
cycle arrest upon serum withdrawal but that they can mount an efficient IEG response. This IEG response,
however, is severely impaired in Srf2/2 ES cells, providing the first genetic proof that IEG activation is
dependent upon SRF. Also, Srf2/2 ES cells display altered cellular morphology, reduced cortical actin expres-
sion, and an impaired plating efficiency on gelatin. Yet, despite these defects, the proliferation rates of Srf2/2

ES cells are not substantially altered, demonstrating that SRF function is not required for ES cell cycle
progression.

Both postmitotic cells and mitotic cells persisting in a resting
G0 state can be induced by extracellular stimuli to activate an
instantaneous gene expression program called the immediate-
early gene (IEG) response (13). Postmitotic cells such as neu-
rons rely on the IEG response to convert, for example, neu-
rotransmitter-mediated activation processes into long-term
adaptive responses (19, 46). G0 cells, on the other hand, em-
ploy the IEG response to activate transcription factor-encod-
ing genes (like c-fos, junB, or Egr-1), which subsequently reg-
ulate gene cascades enabling G1 progression (2, 10, 13, 20).
This G0-to-G1 transition is commonly studied by the addition
of mitogens (or serum) to serum-deprived cells. The IEG
response displays a very rapid and transient gene activation
profile that does not require de novo protein biosynthesis
but instead utilizes preexisting cellular signaling components
and transcription factors. Signaling cascades that mediate the
IEG response include the mitogen-activated protein (MAP)
kinase network, Ca21-dependent pathways, NF-kB signaling,
and JAK/STAT signaling. The MAP kinase pathway assumes
an especially important role in triggering the IEG response
(41).

Of the many transcription factors that are targeted by MAP
kinase signaling, the serum response factor (SRF) has been
characterized in significant detail. SRF (28), a ubiquitously
expressed MADS box protein (29, 35, 36), mediates both the
signal-stimulated transcriptional induction of IEG and the ac-
tivation of cell type-specific genes. The latter include muscle-
specific genes or neuronal genes. SRF binds to serum response
elements (SREs) in the promoters of these genes by recogniz-
ing the CArG-box sequence (CC[A/T]6GG) (24, 29, 40). SRF
can recruit additional proteins to SREs, e.g., the Ets family
ternary complex factors (TCFs), muscle-specific accessory fac-
tors, or others (for review, see reference 42; Nordheim, sub-
mitted). The Ets/TCFs are direct targets of MAP kinase sig-
naling cascades (8, 41), instrumental for rapid and transient
IEG induction of, e.g., c-fos and Egr-1. SRF can also activate
genes in a TCF-independent fashion (9, 17, 18), primarily
through the involvement of Rho signaling in response to, e.g.,
lysophosphatidic acid (LPA) stimulation (15, 16).

The indicated contribution of SRF to mitogen-stimulated
transcriptional induction of IEGs during the G0-G1 transition
(13) and the requirement of the SRF homologue MCM1 at the
G2-M transition in Saccharomyces cerevisiae (3, 22) suggested
an essential regulatory function for SRF in both G0 exit and
the ensuing cell cycle progression. This notion was strength-
ened by experiments in which SRF activity was impaired by
using specific antisera or antisense RNAs blocking the prolif-
eration of rat embryo fibroblasts (7) or myoblasts (39), respec-
tively. In stark contrast to these cell-based assays, we have
demonstrated that cells of Srf2/2 mutant embryos are viable
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and support early embryonic growth in utero up to E6.0 (4). To
explore SRF function in cells of the early embryo, we have
used the embryonic stem (ES) cell as an in vitro model system
for cellular proliferation, differentiation, and early embryonic
development (37, 44, 45).

We demonstrate here that wild-type murine ES cells cannot
be rendered quiescent upon withdrawal of serum yet still con-
tain a vigorous IEG response upon serum readdition. SRF-
deficient ES cells were found to have a severe defect in both
IEG activation and actin gene expression, but the accompany-
ing alterations in cellular morphology did not prevent normal
rates of ES cell proliferation.

MATERIALS AND METHODS

ES cells. Germ line competent D3 and E14 ES cells were provided by R.
Jaenisch (Whitehead Institute, Cambridge, Mass.) and K. Rajewsky (Genetics
Institute, Cologne, Germany), respectively. Srf2/1 ES cells, derived from the E14
line, were described previously (4, 44). Selection for enhanced G418 resistance
and characterization of Srf2/2 ES cells, as well as the generation of Srf2/2rescue

ES cells, are described in reference 44.
ES cell culture conditions. (i) General growth conditions. ES cells were kept

without feeders on gelatin-coated dishes in Dulbecco modified Eagle medium,
containing 4.5 g of glucose/liter and 3.7 g of NaHCO3/liter supplemented with
2mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, 0.1 mM
mercaptoethanol, 15% fetal calf serum (FCS), and 1,000 U of leukemia inhibi-
tory factor/ml (referred to as complete medium). Cultivation was at 37°C in a
humidified atmosphere at 5% CO2, and cells were passaged every 48 h.

(ii) ES cell culture conditions for IEG induction. For serum-withdrawal ex-
periments, cells were seeded and grown for 12 to 24 h in complete medium for
optimal attachment. The medium was then exchanged and cells were kept for 24
to 38 h in complete medium lacking FCS. The expression of IEGs was assayed
before and 10, 30, 60, or 180 min after the addition of 15% FCS, 100 ng of
phorbol ester tetradecanoyl phorbol acetate (TPA)/ml, or 20 mM LPA (final
concentrations). LPA stimulations were done for 30 min only. The kinetic pro-
files of IEG induction proved somewhat variable in ES cells, explaining the
differences in the expression kinetics of Fig. 5A and B and 5C and D, respec-
tively, as well as the magnitude of the deviations shown in Fig. 6, which represent
the mean of five separate experiments, each sampled at the 30-min time point.

Northern blotting. RNA was isolated by the guanidinium isothiocyanate
method (5). RNA (20 mg) was electrophoresed and transferred to Gene Screen
nylon membrane (NEN, Boston, Mass.). Filters were successively hybridized with
[32P]dCTP-labeled human Egr-1, v-fos, and, for standardization, mouse fox
cDNA probes (33), under standard conditions.

Western blotting. Preparation of cell extracts was as described previously (11),
and Western blotting using a pan-actin antibody (Acurate, Westbury, N.Y.) was
performed according to reference 44.

Quantitative RT-PCR. Total RNA preparation (RNeasy kit; QIAGEN) and
first-strand cDNA synthesis (Superscript II; Gibco) were done according to the
manufacturers’ protocols. One microgram of total RNA treated with DNase I
was used for reverse transcription (RT). One-twentieth of the RT reaction was
included in a 25-ml PCR reaction. For quantitative analysis, the SYBR Green
PCR technology was used (Perkin-Elmer). Real-time detection of the PCR
product was monitored by measuring the increase in fluorescence caused by the
binding of SYBR Green to double-stranded DNA with the ABI PRISM 7700
sequence detector. In order to obtain relative quantification, a threshold cycle
(Ct), the cycle at which a statistically significant increase in fluorescence occurs,
was derived from the resulting PCR profiles of each sample. Ct is a measure for
the amount of template present in the starting reaction. To correct for different
amounts of total cDNA in the starting reaction, Ct values of an endogenous
control (Hprt) were subtracted from those of the corresponding sample, result-
ing in DCt. The relative quantitation value is expressed as 22DCt. Induction of
specific mRNAs by IEG stimulation is then plotted as the induction factor
relative to uninduced mRNA levels in starved cells.

Primers used were as follows, where F is the forward primer and R is the
reverse primer: b-Actin, F(GGCGCTTTTGACTCAGGAT) and R(GGGATG
TTTGCTCCAACCAA); c-fos, F(AAGGGAACGGAATAAGATGGC) and
R(CAACGCAGACTTCTCATCTTCAA); Egr-1, F(GCCGAGCGAACAACC
CTA) and R(TCCACCATCGCCTTCTCATT); Hprt, F(GCCTAAGATGAGC
GCAAGTTG) and R(TACTAGGCAGATGGCCACAGG); and Vinculin, F(C
CAAGGTCAGAGAAGCCTTCC) and R(CGTAGCTGTTCAAGGTCTGGT).

Cell cycle analysis. For analysis of DNA content, cells were harvested, incu-
bated for 15 min in staining solution (0.5 mg of propidium iodide [PI]/ml, 4 mM
sodium citrate, 0.03% Triton X-100), treated for 30 min with RNase A, and
diluted with phosphate-buffered saline (PBS). Fluorescence intensity was deter-
mined by flow cytometry on a Becton Dickinson FACScan, and the percentages
of G1-, S-, and G2-phase cells were calculated with the LYSIS (Becton Dickin-
son) or MODFIT software program. To measure DNA synthesis, serum-starved
cells were cultured in the presence of 30 mm of bromodeoxyuridine (BrdU)
(Roche) for 30 min, trypsinized, and stored in 70% ethanol for .2 h. Cells were
rehydrated in PBS containing 1% heat-inactivated fetal serum (PBS/IFS) treated
with 0.3 ml of 2 M HCl at room temperature for 20 min, washed in PBS/IFS,
neutralized with 0.1 M sodium borate (pH 8.0) for 2 min, and washed again in
PBS/IFS. BrdU was identified by labeling the cells with anti-BrdU monoclonal
antibodies at a 1:10 dilution (Roche) and fluorescein isothiocyanate-conjugated
goat anti-mouse antibody. Cells were then resuspended in modified PI staining
solution (0.4 mg of PI/ml, 4 mM sodium citrate, 25 mg of RNase A/ml) for 15 min
and analyzed by flow cytometry as described above.

SEM. ES cells were grown on gelatin-coated coverslips for up to 72 h. Samples
were fixed with 1.6% glutaraldehyde in 20 mM HEPES–120 mM NaCl for 5 min
at room temperature and for 1 h at 4°C, postfixed with 1% osmium tetroxide in
PBS for 1 h on ice, washed with H2O, and treated with 1% aqueous uranyl
acetate for 1 h at 4°C. For scanning electron microscopy (SEM) ES cell colonies
grown on coverslips were dehydrated in ethanol and critical-point dried from
CO2. The samples were sputter coated with 8 nm of gold-palladium and exam-
ined at 20 kV accelerating voltage in a Hitachi S-800 field emission scanning
electron microscope.

Indirect immunofluorescence. Cells were grown on gelatin-coated coverslips in
complete growth medium for 48 h. The samples were then fixed in 4% formal-
dehyde and permeabilized in 0.2% Triton X-100. Nonspecific binding was
blocked by incubating the cells for 1 h in 1% bovine serum albumin in PBS at
37°C before staining with a rabbit anti-E-cadherin antibody (1:300 in PBS; gift of
H. Beug) for 1 h at 37°C. Incubation with Oregon green-conjugated secondary
antibody (Molecular Probes; 1:200 in 0.2% bovine serum albumin) was per-
formed for 30 min at 37°C. To visualize filamentous actin, 1 U of Texas red
phalloidin (Molecular Probes) was included in the mixture. Coverslips were
washed four times with PBS and once in water, air dried, and mounted in Moviol.
Image acquisition was done with LSM 510 (Zeiss).

RESULTS

To investigate the contributions of SRF to cellular growth
control, we generated and characterized Srf2/2 ES cells (44)
derived from the Srf2/1 ES cells that were originally used for
blastocyst injections and the generation of Srf2/1 mice (4). The
homozygous Srf2/2 ES cells were obtained from the heterozy-
gous Srf2/1 ES cells upon selection for elevated cellular resis-
tance levels to the drug G418. In the Srf2/2 ES cells obtained,
no protein was observed that might be antigenically related to
SRF and no SRF-derived DNA binding activity could be seen
(44). Rescued cells (Srf2/2rescue) expressed SRF at levels three
to four times higher than wild-type ES cells (44).

Normal proliferation but impaired colony formation of
Srf2/2 ES cells. Since SRF activity appears to be essential for
the growth of in vitro cultured somatic cells (7, 39), we sought
to determine if SRF deficiency altered the proliferation char-
acteristics of ES cells. We first examined the growth rates of
one Srf2/1 and two Srf2/2 ES clones. Equal numbers of cells
were seeded at low densities in leukemia inhibitory factor-
containing medium, and the proliferation kinetics of colonized
cells were monitored by counting total cell numbers for a
period of 7 days. Proliferation started after a lag period of 1 to
2 days in all clones. The growth curves revealed that the col-
onies of the Srf2/1 clone increased more rapidly in cell number
than did those of each of the two Srf2/2 clones (Fig. 1A).
Additionally, after 150 h of culture, the total cell numbers of
SRF-deficient cells plateaued (E81 Srf2/2) or even declined
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(E100 Srf2/2), whereas Srf2/1 cell numbers increased, reach-
ing a higher saturation cell count than SRF-deficient cells. At
this late phase of the growth curve, ES cell colonies had be-
come rather big and cells began to display signs of differenti-
ation (data not shown). In the case of Srf2/2 cells this was
accompanied by an enhanced tendency to undergo apoptosis
(unpublished observation). During the early phase of the
growth curve, i.e., up to 125 h, the observed lower increase in
the Srf2/2 ES cell number might have been caused by either an
impaired plating efficiency or an altered proliferation capacity.
We therefore first investigated the efficiencies of colony for-
mation subsequent to plating. We seeded identical numbers of
ES cells of different Srf genotypes and counted the number of
colonies formed after 6 days of culturing. Both Srf2/2 ES
clones displayed significantly reduced efficiencies in colony for-
mation compared to the wild type and Srf2/1 clones (Fig. 1B).
We believe that this difference is the prime cause for the

differences in the cumulative cell numbers over time, as ob-
served in Fig. 1A with cultures of ES cells either containing or
lacking SRF.

Given the observed differences in plating efficiency, the pro-
liferation rates of heterozygous and homozygous mutant cell
lines shown in Fig. 1A nevertheless appeared to be similar, as
judged by the slopes of the semilogarithmic plots of cell num-
bers over time (Fig. 1C). Also, no significant differences in
proliferation rates were observed between wild-type and Srf2/1

ES cells (data not shown). To investigate more closely the rates
of proliferation of SRF-deficient ES cells, we also monitored
growth under high cell-density conditions over several pas-
sages. Cells (4 3 105) were seeded on a gelatin-coated 10-cm
dish, trypsinized every 24 h, counted, and replated at the
above-mentioned density. Under these conditions, differences
in plating efficiency or spontaneous differentiation between
SRF-containing and SRF-deficient cells were not apparent

FIG. 1. Proliferation kinetics, colony-forming capabilities, and growth rates of Srf2/2 ES cells. (A) Proliferation kinetics at low cell density.
Growth curves of ES cell lines with the indicated Srf genotypes were generated by seeding 2 3 103 cells at day 0 and counting total cell numbers
at the indicated time points. One representative experiment of three independent ones is shown. (B) Efficiencies of colony formation upon plating
at low cell density. A total of 2 3 103 cells of each of the indicated ES cell lines was plated on gelatin-coated dishes, and the resulting colonies
were counted after 6 days of cultivation. Each value represents the mean of duplicate measurements, except for ES cell line 226-100, where four
measurements are averaged. (C) Rates of proliferation at low cell density. Shown are semilogarithmic plots of cell numbers counted in panel A
during the growth periods of exponential growth.The slopes of the graphs indicate proliferation rates. (D) ES cell proliferation at high cell density.
Cells (4 3 105) of the indicated ES cell lines were plated on gelatin-coated dishes (10 cm). At each passage (24 h after plating), ES cells were
trypsinized and counted.
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(unpublished data) and similar total cell counts were reached
after each 24-h cycle (Fig. 1D). Therefore, also under high-
density plating conditions, no significant SRF-dependent dif-
ferences in ES cell proliferation were observed. Collectively we
infer from these data that SRF does not contribute in an
important way to the rates at which ES cells proliferate.

Altered morphology of Srf2/2 ES colonies is accompanied by
impaired cortical actin expression. The observed differences in
plating efficiency of Srf2/2 ES cell clones (Fig. 1B) warranted
a closer inspection of their morphologies. Light microscopic
analysis of ES cells revealed protrusions on many of the SRF-
deficient cells (Fig. 2A, right panel), features rarely seen with
Srf2/1 ES cells (Fig. 2A, left panel) or with wild-type ES cells
(data not shown). After 72 h of culture, colonies of cells defi-
cient in SRF were less compact and appeared to display less
tight cell-cell interaction (Fig. 2B). This was confirmed by
SEM, which demonstrated that individual cells within an
Srf2/2 ES colony established fewer contacts with neighboring
cells than those within an Srf2/1 ES colony (Fig. 2C). We
speculate that the decreased plating efficiency is a direct con-
sequence of these altered structural characteristics.

SRF directs the expression of Actin genes (26), and the actin
cytoskeleton profoundly influences cell surface activities, like
cell-cell and cell-substrate interactions (34). We therefore in-
vestigated cytoskeletal actin expression (b-actin) in Srf2/2 ES
cells. Figure 2D reveals a 50 to 65% drop in actin protein
expression levels in SRF-deficient cells, accompanied by a
strongly reduced intensity of cortical actin networks (Fig. 2E).
While reduced in intensity, the cortical actin arrangement—at
this level of resolution—does not appear severely disturbed in
structural terms. At the same time, expression and cellular
localization of E-cadherin appear unaffected by the lack of
SRF (Fig. 2E).

Cell cycle progression of Srf2/2 ES cells. The apparently
normal proliferation rate of SRF-deficient ES cells contrasted
with earlier demonstrations of SRF being required for the
proliferation of somatic cells. SRF is known to regulate gene
activation at specific stages of the cellular growth cycle (i.e., the
G0-G1 transition as quiescent cells enter into the active growth
cycle, progression of cycling cells through G1, and the G2-M
transition). This cell cycle-specific nature of SRF function sug-
gested that ES cells lacking SRF may display specific alter-
ations in the progression through the cell cycle, despite having
a growth rate similar to wild-type cells. The parental ES cell
line E14 (Srf1/1), the heterozygous line 226 (Srf2/1), and the
two homozygous lines 226–81 and 226–100 (each Srf2/2) were
studied regarding their cell cycle progression. In nonstarved,
normally growing cultures (Fig. 3A), the majority of cells were

found in the S phase and lower but comparable amounts of
cells were found in each of the G1 and G2 phases. No obvious
differences in these distributions were seen between wild-type,
heterozygote, or homozygote mutant ES cells.

Despite the normal proliferation rate and cell cycle distri-
bution of Srf2/2 ES cells cultured in the presence of serum, we
speculated that serum restimulation of quiescent Srf2/2 ES
cells may be altered in some manner. Thus, we analyzed the
cell cycle distribution profiles of the various ES cell lines after
serum withdrawal and upon subsequent stimulation with se-
rum. In none of the ES clones tested did serum withdrawal
lead to efficient growth arrest. After a 38-h period of starva-
tion, the percentage of G1 cells was slightly but significantly
increased at the expense of S-phase cells, but there was no
difference between the cells of different Srf genotypes (Fig.
3B). When wild-type and heterozygote ES cells were reexposed
to serum for 24 h (Fig. 3C), the cell cycle distribution again
resembled that of asynchronously growing cells. Restimulation
of starved mutant cells with serum, however, led to the accu-
mulation of 10% more of the cells in the G2-M phase of the
cell cycle, a small but significant alteration in the cell cycle
distribution of the cells (Fig. 3C). Thus, while SRF function
does not appear to be essential for the cell cycle progression of
ES cells, it may nonetheless contribute to the G2-M checkpoint
function, as has been previously suggested (21).

Cell cycle progression of wild-type ES cells. We were sur-
prised that the E14 ES cells failed to accumulate in G1 in the
absence of serum. We wished to test whether this was a char-
acteristic of ES cells in general and whether the ES cells are
altered in any way in the absence of serum. To do so, we
examined a second independently derived ES cell line, termed
D3, which is also capable of germ line transmission. As noted
for E14 ES cells above, the cell cycle profile of D3 cells was not
substantially altered up to 24 h after withdrawal of serum (Fig.
4). In this experiment we also examined DNA synthesis by the
uptake of the thymidine analog BrdU. Although serum-starved
cells retained normal cell cycle distribution, their rate of DNA
synthesis gradually slowed, as evidenced by a progressive de-
crease in the rate of uptake of BrdU. Thus, ES cells appear to
be sensitive to serum withdrawal, as evidenced by a slowing in
the rate of DNA synthesis, yet nonetheless lack the ability to
undergo G0 exit.

SRF-mediated induction of the IEGs Egr-1 and c-fos is dis-
pensable in the ES cell. Given the relatively inefficient exit of
ES cells from the active cell cycle into G0 and the lack of a
requirement for SRF for ES cell proliferation, we first won-
dered whether wild-type ES cells were able to mount an effi-
cient IEG activation response. The activation of SRF com-

FIG. 2. Altered cellular morphologies and actin expression levels of Srf2/2 ES cells and their colonies. (A) Light microscopy of individual ES
cells. (B) Light microscopy of ES cell colonies. (C) SEM of ES cell colonies. (A to C) Cell and colony morphologies of Srf2/1 (left panels) or Srf2/2

(right panels) ES cells were determined after initial cultivation for 48 h in complete growth medium, trypsinization, and subsequent plating for
either 3 h (A) or 72 h (B and C). Cell protrusions (marked by arrows in panel A) were observed very frequently in the homozygous mutant ES
cells but were found rarely in Srf2/1 cells. (D) Western blot analysis of total cellular actin protein in ES cells. Whole cell extracts from ES cells
of the indicated Srf genotypes were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted, and probed with a pan-actin
antiserum (upper panel). Coomassie staining of the gel after blotting confirms equal loading (middle panel). Densitometric quantification of the
actin signals is shown in the lower panel, where the signal from the E14.1 Srf1/1 wild-type cells was arbitrarily set at one. (E) Histological
distributions of F-actin and E-cadherin in cell colonies derived from ES cells of different Srf genotypes. Wild-type cells (left panel) and the two
Srf2/2 cell lines 226-81 (middle panel) and 226-100 (right panel) were grown on coverslips for 48 h. Expression of F-actin (upper row) and
E-cadherin (lower row) was detected with Texas red phalloidin and an E-cadherin-specific antiserum, respectively.

VOL. 21, 2001 IEG INDUCTION IN SRF-DEFICIENT ES CELLS 2937



plexes by the MAP kinase cascade has been implicated in
the transcriptional up-regulation of IEGs such as c-fos and
Egr-1 in the G0-G1 transition. This step is believed to be
essential for resting cells to reenter the cell cycle (13). We
therefore investigated the pattern of Egr-1 and c-fos induc-
tion following stimulation of ES cells with intact SRF func-
tion, either wild-type (data not shown) or Srf2/1 ES cells
(Fig. 5). Serum-withdrawn ES cells were stimulated for up
to 3 h with either serum or the phorbol ester TPA, and the
resulting mRNA levels were measured over time by North-
ern blot analysis. ES cells containing at least one intact Srf

allele were able to mount a robust IEG response, as judged
by c-fos and Egr-1 gene activation profiles.

A strongly contrasting result was seen with the Srf2/2 cells.
They exhibited a drastically impaired induction of both Egr-1
and c-fos following serum stimulation. Whereas no induction
at all could be seen for Egr-1 in the Srf2/2 ES cells, a residual
response was observed with c-fos. This data set was fully con-
firmed by separate experiments which investigated indepen-
dently derived RNA preparations by quantitative RT-PCR
analysis (Fig. 5C and D and Fig. 6). While the induction of
other IEGs was not examined, we suggest that it is similarly
compromised in these cells.

To confirm that the lack of IEG induction in the mutant ES
cells was due to a deficiency of SRF, we reintroduced the SRF
protein back into these cells by ectopic expression of the cDNA
from the cytomegalovirus promoter. In these Srf2/2rescue ES
cells the levels of SRF expression are three- to fivefold higher
than those of the endogenous protein (44). Indeed, the
Srf2/2rescue ES clone reacquired a very efficient serum-depen-
dent induction of both c-fos and Egr-1 (Fig. 5C and D). This
induction was both rapid and transient, in a manner similar to
that seen in wild-type ES cells expressing endogenous SRF.
These data provide for the first time direct genetic evidence
that SRF is an important regulator of a component of the
cellular IEG activation response.

We also investigated the expression profiles of the b-Actin
and Vinculin genes, both of which are known to be SRE reg-
ulated yet do not fall into the class of transiently induced IEGs
(25, 27). Indeed, in SRF-containing heterozygous ES cells both
b-Actin (data not shown) and Vinculin (Fig. 5E) are stimulated
1.5 to 3-fold by serum addition. This activation, however, did
not follow the rapid and transient IEG activation kinetics but
rather mRNAs accumulated gradually over a 3-h time period.
The basal RNA levels of b-Actin as well as the serum-stimu-
lated induction of both b-Actin and Vinculin were reduced in
Srf2/2 ES cells. Again, reintroduction of SRF protein into the
Srf2/2rescue ES cells restored the serum-stimulated expression
of both genes (Fig. 5E and data not shown). From these data
we conclude that in ES cells SRF controls the expression levels
of SRE-containing genes. In doing so, it regulates rapidly re-
sponding, transiently activated IEGs, such as Egr-1 and c-fos,
as well as b-Actin and Vinculin, other SRE-containing genes
that do not display the same transient activation profiles.

LPA-induced signaling targets endogenous genes via
SRF. TCF-independent activation of SRF target genes was
reported to occur upon stimulation with serum and LPA (9,
15, 17, 18). These results were obtained with transiently
transfected or microinjected reporter constructs, and the
chromosomal state of the reporters was found to matter (1).
The availability of SRF-deficient cells provided us with the
tool to examine directly a potential involvement of SRF in
the stimulation of endogenous IEGs by LPA. Fig. 6 demon-
strates that SRF is indeed required for efficient activation of
both the c-fos and Egr-1 genes by LPA. As seen before with
serum induction (Fig. 5D), LPA-stimulated induction of ES
cells lacking SRF still permits significant residual activation
of c-fos (Fig. 6B) but not of Egr-1 (Fig. 6A). This analysis
provides the first genetic proof for a direct involvement of
SRF in LPA-stimulated induction of cellular target genes.

FIG. 3. Progression through the cell cycle of Srf2/2 ES cells. Shown
is the distribution within the cell cycle of different ES cell lines. ES cells
of the indicated genotypes were cultivated under three different con-
ditions (A to C). (A) Cell cultivation under continuous, normal growth
conditions for 3 days. (B) Cells after serum starvation for 38 h. (C)
Cells after serum starvation for 38 h and subsequent readdition of
serum for 24 h. (A to C) Cells were stained with PI for determinations
of DNA content and cell cycle distribution. The percentages of cells
found in the G1, S, and G2 phases are shown.
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FIG. 4. Cell cycle progression of wild-type ES cells upon serum withdrawal. Wild-type ES cells were labeled with BrdU for 30 min and harvested
prior to or following 8, 16, or 24 h of serum starvation as indicated. Cell cycle distribution (left panels) was determined by staining cells for DNA
content with PI, and the rates of DNA synthesis (right panels) were determined by immunostaining cells for BrdU incorporation (y axis) and
plotting against DNA content (x axis). The percentages of cells in the G1, S, and G2 phases are indicated.
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DISCUSSION

Mouse embryos lacking the transcription factor SRF de-
velop until the onset of gastrulation at around E6.0 (4). At that
point an essential requirement for SRF exists since the Srf2/2

embryos fail to develop detectable mesodermal cells and die in
utero. Up until E6.0, however, it is apparent that many cell
division cycles occur in a fashion that is apparently little af-
fected by the absence of SRF. Prior to this unexpected finding,
SRF was believed to be essential for the proliferation of all
mammalian cells (7, 39). In the present work we made use of
the ES cell system to explore the mechanisms that permit the
cells of the early Srf2/2 mouse embryo to proliferate. To that
end, we have used Srf2/2 ES cells to investigate the require-
ment for SRF during ES cell proliferation, cell cycle progres-
sion, and IEG activation.

ES cell morphology and cortical actin expression are influ-
enced by SRF. Srf2/2 ES cells display morphological charac-
teristics indicative of altered cell surface activities, including
cell-substrate and cell-cell interactions. The reduction in plat-
ing efficiency on gelatin substrates, as observed when cells were
seeded at low density, may be the direct cause of the smaller
increases in the total number of Srf2/2 ES cells over time seen
in our growth curves. We do not yet know the fate of those
individual ES cells that are unable to give rise to colony for-
mation on the growth plates. However, preliminary data indi-
cate that Srf2/2 ES cells display reduced adhesion to various
matrices (unpublished data). The nonadherent cells are unable
to form colonies and can be expected to die by anoikis, i.e., the
apoptosis that occurs in certain cell types when cell matrix
contact is lost. We did not observe signs of apoptosis in con-
tinuously growing Srf2/2 ES cells (unpublished). However, it is
possible that detached cells might have been lost during the
experiment.

Differences in colony morphology and altered cell surface-
directed cellular activities may, in part, be due to the observed
reduced expression levels of the cytoskeletal proteins actin and
vinculin in continuously proliferating Srf2/2 ES cells (unpub-
lished). Disturbance of the cortical actin network has also been

FIG. 5. Severe impairment in Srf2/2 ES cells of IEG induction by
serum or TPA. (A and B) Northern blot analysis of Egr-1 (A) and c-fos.
(B) RNA expression in the Srf2/1 ES line 44 (top panels) or the Srf2/2

ES line 226-100 (bottom panels) under normal growth conditions (lane
1), after serum withdrawal for 24 h (lane 2), or after serum withdrawal
and subsequent induction with either 15% serum (lanes 3 to 6) or 100
ng of TPA/ml (lanes 7 to 10) for the indicated times. Lane 11 repre-
sents a positive hybridization control included in the Srf2/2 blot. The
Egr-1 blot (A) was reprobed for c-fos (B). In addition, a Fox probe was
used to verify equivalent RNA loading in each lane (33). The asterisk
(B) indicates a residual Egr-1 signal still present from prior probing of
the blot. (C to E) Quantitative RT-PCR measuring expression of Egr-1
(C), c-fos (D), and Vinculin (E) in ES cell lines of the indicated Srf
genotype, as well as in Srf2/2 ES cells that ectopically express human
Srf cDNA (Srf2/2rescue). mRNA induction factors relative to prestimu-
lation levels are given. Cells were either serum starved for 36 h or
serum starved and subsequently restimulated with 15% serum for the
indicated times. mRNA levels were normalized to mRNA levels of the
Hprt gene, and values are given as fold induction over nonstimulated
cells. Each kinetic measurement was performed in duplicate.
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implicated in the formation of cytoplasmic extrusions (31),
structures also displayed by the Srf2/2 ES cells. Similar alter-
ations in cell morphology were also seen with embryoid bodies
derived from Srf2/2 ES cells (44). This supports the notion that
SRF fulfills an important role in directing the expression of
structural proteins of the cytoskeleton, thereby facilitating the
buildup of structures crucial for cell shape and cell adhesion.
More detailed investigations of cytoskeletal structures and as-
sociated adhesion properties of Srf2/2 ES cells are currently
under way.

SRF is not required for ES cell proliferation. Although a
comparison of Srf2/1 and Srf2/2 ES cell growth curves re-
vealed smaller increases in the total number of Srf2/2 ES cells
over time, the rates of proliferation of both types of ES cell
were found to be comparable. This was true for both low and
high cell-density growth conditions. This is in distinct contrast
to the block in proliferation observed when SRF function was
inhibited in rat embryo fibroblasts (7) and myoblasts (39).
Therefore, in contrast to the somatic cells investigated, ES cells
lacking SRF function do not have a severe impairment in their
proliferative capacity, and this correlates well with the unaf-
fected early development of Srf2/2 mouse embryos up to E6.0.
Similarly, the product of the SRF target gene c-fos is not

required for proliferation of ES cells (6). However, we cannot
formally rule out the possibility that our Srf2/2 ES cells ac-
quired unidentified mutations during neomycin selection that
allowed them to grow in the absence of SRF.

In addition, Srf2/2 cells displayed a cell cycle distribution
identical to wild-type cells, whether asynchronously growing or
deprived of serum. However, slightly more cells accumulated
in G2-M following restimulation of serum-starved Srf2/2 cells
than wild-type cells. SRF function in the G2-M phase of the
cell cycle may be associated with effects on microtubular reor-
ganization (21). Since yeast cells lacking the SRF homologue
Mcm1 are completely arrested at the G2-M transition (3), our
data may suggest that murine ES cells may also activate critical
SRF-dependent genes in a cell cycle-specific fashion at the
G2-M transition.

SRF is required for IEG activation. In SRF-negative ES
cells, Egr-1 and c-fos were found to be drastically impaired in
their immediate-early response upon induction with serum or
TPA. This provides genetic proof that SRF contributes in an
essential way to the cellular immediate-early response of SRE-
containing genes, a concept previously suggested by the use of
transiently expressed SRF effector and reporter systems of
altered binding specificity (14, 18).

Even in Srf2/2 ES cells, however, we observed a modest
induction of c-fos following serum stimulation. This may be
due to other transcription factors binding to the v-sis-inducible
element (SIE) present in the c-fos promoter, which is lacking in
the Egr-1 promoter. Indeed, serum stimulation-mediated acti-
vation of the c-fos promoter independently of SRF, by factors
that bind to the SIE, has previously been demonstrated (23).
Robertson et al. argued for functional interdependence of the
c-fos SIE and SRE elements, based on the assessment of cis-
element mutagenesis in transgenic mice and explanted cells
(32). The drastic reduction in c-fos IEG activation that we see
in ES cells lacking only SRF is consistent with this notion. It
will be interesting to investigate by genomic footprinting (12)
whether the c-fos SRE in Srf2/2 ES cells is occupied by SRE
binding proteins other than SRF.

Our analysis also provides genetic evidence for LPA-in-
duced activation of c-fos and Egr-1 to depend upon functional
SRF, thereby strengthening previous findings (15). Rho family
small GTPases are suggested to be involved (16), a signaling
scenario that is likely to be influenced by SRF target genes like
b-Actin (see above and reference 38). We note that treatment
of serum-withdrawn ES cells with LPA was sufficient to elicit a
significant transcriptional response of endogenous genes, indi-
cating that in these cells the required signaling events can all be
activated by LPA alone (1). The expression of b-Actin and
Vinculin, known to be regulated by SRF (25, 27), was similarly
affected by SRF deficiency in both asynchronously growing and
serum-restimulated cells (data not shown). More than 60 genes
have been identified with functional SREs in their promoters
(A. Nordheim, unpublished data), and we speculate that tran-
scriptional regulation of most of these genes will be impaired
in the absence of SRF. This altered regulation of SRF-depen-
dent genes is likely to affect many physiological processes in
organisms that lack SRF function.

ES cells do not assume a quiescent G0 state upon serum
withdrawal. One striking difference between ES and somatic
cells is the response to serum withdrawal. Serum-deprived

FIG. 6. Severe impairment in Srf2/2 ES cells of IEG induction by
LPA. Quantitative RT-PCR measuring expression of Egr-1 (A) and
c-fos (B) in ES cell lines of the indicated Srf genotypes. mRNA induc-
tion factors relative to prestimulation levels are given for the 30-min
time points subsequent to LPA addition. Standard deviations repre-
senting five independent experiments are provided (see Materials and
Methods).
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somatic cells undergo G0 exit (43), while similarly treated ES
cells fail to do so. ES cells continue to proliferate in the ab-
sence of serum, even with substantially reduced c-fos and Egr-1
expression, and they appear to proliferate normally in the
absence of SRF. These data suggest that the IEG program and
SRF function are dispensable in the ES cell, in part because ES
cells lack the capacity to undergo G0 exit and cell cycle reentry.
Furthermore, the relatively normal growth in vitro of SRF-
deficient ES cells is reminiscent of the normal growth of cells
of the early Srf2/2 embryo, which are able to support embry-
onic development until E6.0. We speculate that, like ES cells,
the cells of the early mouse embryo also undergo continuous
cell division cycles without G0 exit and therefore do not require
the mechanisms to undergo cell cycle reentry. Thus, rather
than containing cellular factors that complement SRF defi-
ciency and maintain the IEG program, the cells of the early
embryo simply may not require SRF function and IEG activa-
tion. Recently, Poser et al. described SRF as contributing to a
novel phosphatidylinositol 3-kinase-mediated mechanism of
cell cycle reentry seen with HeLa and 3T3-L1 cells (30). It will
be interesting to determine whether such an SRF-dependent
mechanism is also operative in ES cells.
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